To assess the quality and completeness of the approximately four million candidate SNPs in the public and Celera databases 1-3 , we resequenced a multiethnic sample of sufficient depth to capture most common variants (>1% in frequency) across a representative sample of the genome. We studied segments drawn from 17 loci 4 with a total of 173 kb of sequence examined in each individual. We included in this analysis only those nucleotide positions that were sequenced at high quality (Phred 5 score ≥25) in at least 40 European American and 40 west African chromosomes (we surveyed an average of 76 European American and 74 west African chromosomes at each nucleotide position). In total, we identified 923 variant sites and estimated overall heterozygosity to be π = 7.1 × 10 -4 , consistent with the genome-wide average (refs. 1,2; see Supplementary Note 1 online for a description of how π was calculated). Identification of SNPs by sequencing was blind to the positions of SNPs in the databases.
We first determined the fraction of SNPs in the public and Celera databases that had independently been identified in our deep resequencing. We made this assessment for (i) SNPs identified by Celera alone 2 , (ii) SNPs identified by the public SNP discovery efforts (TSC and BAC overlap only) and (iii) candidate SNPs identified as differences between the Celera and public reference sequences 2 . We did not include public SNPs discovered by efforts other than The SNP Consortium and BAC overlap projects in this analysis because other SNPs were discovered using a variety of experimental approaches, depth of resequencing and analytic methods. Of 213 SNPs identified in our regions from these databases, 188 (88%) were independently observed in our resequencing study, confirming that most of the SNPs identified as above are true variant sites and thus can be useful in genetic studies ( Table 1 ). The estimated validation rate is even higher, 94%, if one of the 17 loci in our study (ACVR2B) is removed from analysis. At this locus, a single BAC accession in the public database (AP000500) contributes a high fraction of the SNPs not identified by our deep resequencing; this may be due to a rare haplotype sequenced by the human genome project or an error of sequencing or genome assembly.
The 6-12% rate of non-validation of database SNPs in our survey represents the total of errors in the construction of SNP databases (false-positive SNPs), rare variants not observed again in a survey of 150 chromosomes, population-specific SNPs (not present in the European American and African American samples) and true SNPs that were missed in resequencing (false-negative SNPs). Based on this study 6 and genotyping of 3,738 TSC SNPs with a validation rate of 89% (see also ref.
3), we estimate that no more than 12% of SNPs in the TSC database represent rare variants or false positives. In this issue, Carlson et al. 7 report a resequencing survey in which 28-35% of TSC SNPs were not identified. The higher rate of failure to detect TSC SNPs in their survey could reflect true SNPs missed by their sequencing effort or a systematic difference between the 50 genes that they studied and the 68 regions in ref. 6 and this report. These possibilities can be distinguished by using an independent method to genotype in a broad population sample the TSC SNPs not discovered in resequencing studies.
We next assessed the proportion of all genetic variation across the 173 kb that was attributable to SNPs already present in the databases. Of the overall heterozygosity identified by complete resequencing (7.1 × 10 -4 per bp), 45% was due to variants already present in the databases. Moreover, of SNPs with frequency ≥10%, 54% were already present in the databases (Fig. 1) . These data support population genetic predictions 8 of the number of common variants in the human genome, indicating that there are only about 5 million SNPs with minor-allele frequency worldwide of >10% and about 10 million with frequency >1%. We note that even though most common human genetic variation is shared across populations 9,10 , the number of SNPs with a frequency >1% in any single population should be somewhat larger than that number in a multiethnic sample, such as we have studied.
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To address the quality and completeness of single-nucleotide polymorphism (SNP) databases, we resequenced 173 kb (spanning 17 loci) in 150 chromosomes of west African and European ancestry. Over 88% of SNPs in the public (TSC and BAC overlap) and Celera databases were confirmed in independent resequencing. Approximately 45% of all human heterozygosity is attributable to SNPs already available from the two databases, and of SNPs with minor-allele frequencies >10%, more than half are represented. a As a fraction of all SNPs in the database (including those that do not validate in resequencing data). b SNPs from the ACVR2B locus are removed from these calculations. c The 'All SNPs' category includes polymorphisms from three sources: the Celera SNP database, the public database and divergent sites between the Celera and Human Genome Project (HGP) sequences. Together the SNPs in the individual databases sum to 274, but because of overlaps, there are only 213 unique entries in the 'All SNPs' category. The percentage of SNPs that validate with frequency >10% is higher in the individual databases (71-75%) than in the 'All SNPs' category (70%). This is because the 'All SNPs' category contains a larger proportion of SNPs with frequencies less than 10%. The slightly lower rate of validation in the 'All SNPs' category is due to the fact that a more complete database will yield a higher proportion of lower frequency SNPs.
The planned construction of a haplotype map of the human genome will involve genotyping a high density of common SNPs to identify ancestral relationships and allelic associations 6 , which is required to guide selection of markers for haplotype-based association studies. Our analysis indicates that over half of SNPs with frequency >10% are already represented in available databases and hence are a valuable resource for haplotype mapping. Despite the high quality and substantial completeness of the current SNP databases, however, there is a practical challenge in their use: at present, the databases contain limited information about population frequency. Because almost a third of all database SNPs have a minor-allele frequency <10% or are false positives (Table 1) , considerable resources will have to be expended to genotype SNPs that are less useful for identifying common haplotypes because of their low frequency.
We and others have noted that the SNPs for which both alleles have been seen more than once in the process of SNP discovery ('double-hit' SNPs) have more desirable properties for initial construction of haplotype maps (see also Carlson et al. 7 , this issue). In the current data, we identified those SNPs that were seen independently by both Celera and the public SNP discovery efforts and found that these validated at a very high rate, with 97% having a minor-allele frequency >10%. In a second, larger survey, we used mass spectrometry-based genotyping 11 to evaluate 204 double-hit SNPs in the same west African and European American populations. This analysis showed that 99% of double-hit SNPs were validated, with 91% having a minor-allele frequency >10% in the combined sample. These numbers are much more favorable than those seen with 'single-hit' SNPs (88-94% validation rate, with 70% of all candidate SNPs having allele frequencies >10%; Table 1 ; see also ref. 6 ). Thus, we suggest that an ideal SNP database for identifying common haplotypes across the genome is one in which there is a publicly available map of doublehit SNPs that covers the genome at high density (see also Carlson et al. 7 , this issue). This will require additional effort in SNP discovery, but the cost savings in terms of marker development (as well as identification of SNPs not yet in the databases) will pay rich dividends for public and private projects to chart out patterns of variation anywhere in the genome. frequency of minor allele empirical projection for number of SNPs in this class Fig. 1 Estimated number of all SNPs in the human genome that are already represented in the combined Celera and public SNP databases as a function of minor-allele frequency. Estimates for the entire genome were obtained by extrapolating from the number of SNPs observed over the 173 kb that we surveyed by deep resequencing to obtain the number expected over a genome of 3.29 billion bp 12 . The estimated percentage of SNPs in each frequency class that have already been identified by the two databases is labeled (with 95% central confidence intervals) and shaded in gray.
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